The gas phase vibrational spectroscopy of the protonated ammonia dimer N 2 H 7 + , a prototypical system for strong hydrogen bonding, is studied in the spectral region from 330 to 
I. Introduction
Strong hydrogen bonds, characterized by large bond energies of up to 30 kcal/mol and low barriers for proton transfer, play an important role in ion solvation, proton conductivity, and proton transfer across biomembranes.
1 They are intriguing from a spectroscopic perspective, because the potential energy surface (PES) governing the displacement of the shared proton is markedly anharmonic, leading to a strong red-shift of the IR absorption, which is difficult to describe using standard quantum chemical approaches. Therefore, experimental studies on isolated model systems in the gas phase yield important benchmarks to test the accuracy of higher level computational methods.
2,3
For example, the complete gas phase IR spectrum of the Zundel cation H 2 O···H + ···OH 2 , the prototype of a strongly hydrogen bonded system, has only recently been fully understood, in particular in the region of the vibrational modes involving the shared proton (900 -2000 cm -1 ). 4, 5 From the theoretical point of view, the shared proton in H 5 O 2 + highlights many complications encountered in hydrogen bond research, i.e., high-level quantum chemical PESs are required for which the multidimensional quantum dynamical problem has to be solved. 3 In fact, there are several reports on the spectrum of H 5 O 2 the shared proton (ν z ) and the symmetric stretching motion of the NH 3 subunits (ν R ) motion, at 743 cm -1 . Further, they did find a reasonable agreement of the band positions between the infrared multiple photon dissociation (IRMPD) spectrum of the bare ion and the IR vibrational predissociation spectrum of the messenger atom tagged species N 2 H 7 + ·Ar, suggesting that the IRMPD technique does yield reliable vibrational energies in this case, even though the absorption of many IR photons is required to induce fragmentation of N 2 H 7 + (D 0 = 9440 cm -1 ) to form NH 4 + + NH 3 . 13 However, the fundamental of the shared proton antisymmetric stretching mode ν z remains to be identified. This transition, located at ~1000 cm -1 in the Zundel cation 4,5 , has been predicted to be significantly red-shifted from its harmonic value (1944 cm -1 ). 9 Anharmonic calculations based on a four-dimensional (4D) ab initio PES 12 place it at 464 cm -1 , i.e., significantly below the energies of the ν z mode in other protonated homodimers 2 and outside the experimental observation window in Ref. 12 .
IR photodissociation studies on larger protonated ammonia clusters, NH 4 + (NH 3 ) n , suggest that the shared proton motif is unique to the n=1 species, and clusters with n>1 exhibit a NH 4 + core solvated by ammonia molecules. 11, 14, 15 In the following we will provide a reduced dimensional model Hamiltonian for the N 2 H 7 + cation which is based on selected internal coordinates. We concentrate on that part of the spectrum which is influenced by the shared proton motion and make two simplifying assumptions: (i) the focus is on the range of experimental data (300-1700 cm -1 ) which should contain the proton stretching and bending vibrations of interest as well the low-frequency hydrogen bond mode and (ii) symmetry selection rules dominate the anharmonic couplings especially in this low-energy range. This allows us to assume that the C 3 symmetry of the N 2 H 6 fragment, i.e., excluding the central proton, with respect to the N-N axis will not be broken. Further, the lengths of the N-H covalent bonds shall be fixed. These constraints leave seven coordinates as shown in Figure 1 , i.e., the shared proton stretching and bending with respect to the center of mass of the N 2 H 6 fragment, z, x and y, the relative motion of the center of masses of the ammonia, R, the umbrella type motion of the two ammonia, θ 1 and θ 2 , and 
( 1) The reduced masses and moments of inertia in Eq.
(1) are defined as follows
(2
=1.017Å is the calculated length of the N-H covalent bonds of the NH 3 fragments. Using these coordinates the wave function will be normalized by the
The torsion angle φ of the two NH 3 fragments can be separated from the other six variables if the potential energy does not depend on it. We have confirmed that the ab initio PES depends only very weakly on this angle (the barrier is as low as 12 cm -1 ). Moreover, there is a clear separation between the rotational and vibrational excitation energies.
can separate this torsion and replace the operator − ∂ 2 ∂φ 2 Thus, we by its expectation value, say, K 2 .
For the numerical implementation below it is more convenient to use another set of coordinates and an appropriately modified wave function which simplifies both the kinetic energy operator and the normalization volume element. Assuming K 2 =0 we will use the following six-dimensional (6D) kinetic energy operator
with the volume element dτ = dxdydzdRdu 1 du 2 and the definitions u i = cosu i and
Next we specify the construction of the respective 6D PES. Here, we make use of the cumulative expansion in terms of different correlation orders
where Q is a vector comprising the six m ordinates and V (n) is the n-th correlation potential which is defined by the subtraction of all lower order correlations and the uncorrelated one-dimensional poten from ional PES. Our final expansion includes all two-mode correlations as well as those three-mode correlati the z coordinate except V (3) (z,θ 1 ,θ 2 ) and V (3) (z, R,θ 1/2 ) which are assumed to be negligible as compared to the contributions involving two proton coordinate (4) odel co tial the n-dimens ons concerning s like
The 6D dipole mome of the three vector components we employed the following approximation:
.
TZ .000 applying symmetry we obtain more than 90.000 points spannin al o s are defined on a primitive grid using a harmonic oscillator discrete variable representation (DVR). The details of the basis set for the MCTDH calculation are collected in
nt surface is constructed in the same spirit, that is, for each
B. Numerical Implementation
PES and dipole moment surface are calculated using the MP2 method with the aug-cc-pV and cc-pVTZ basis set for N and H, respectively, using Gaussian 03. 26 In total about 10 points have been calculated and g the energy range up to 10.000 cm -1 . This PES has been fit subsequently to a polynomi f up to 10th order.
For the solution of the nuclear Schrödinger equation we have used the MCTDH approach 27, 28 as implemented in the Heidelberg program package. 29 The wave function is represented as a superposition of Hartree products composed of single particle functions (SPFs) for either individual or combined degrees of freedom. The single particle functions themselve 
where m, n, k, l, i, and j are the quantum numbers associated to the coordinates z, R,
) / 2 , x, and
y, respectively.
s it uently, the PES for the larger clusters is considerably less anharmonic. We have he equilibrium geometries of these clusters genn is oton transfer minimum at all. Based on the results in Figure 2 we will restrict our discussion to the harmonic limit, which proves to be the experimental spectra. However, one should armonicity,
C. Larger Clusters: NH 4 + (NH 3 ) 2-4
In principle it would be straightforward to apply the method outlined above to larger clusters To address the degree of anharmonicity the potential curve along one of the hydro bonded N-H stretching coordinates has been determined within the otherwise frozen structures. The results in Figure 2 show that upon increasing n the potential becomes less anharmonic. For n=2 it still shows some double minimum topology, although the proton transfer minimum is considerably less stable. Notice that the actual well depth depends on the level of quantum chemistry, for instance, it increases slightly if the larger basis set of the previous sectio used. For n=3, 4 there is no stable pr sufficient for analyzing the size dependence of note that a more quantitative discussion would require to take into account the anh especially for n=2.
III. Experimental Setup
Most of the experiments were carried out on a previously described tandem mass spectrometer-ion trap system. 32 NH 4 + (NH 3 ) n clusters are produced by crossing a supersonic expansion of ~0.2% ammonia in Ar with a 300 μA, 1keV electron beam. The supersonic expansion is generated by expanding the gas mixture with a backing pressure of 6 bar into The IRMPD spectra of N 2 H 7 + below 600 cm -1 were recorded using a second tandem mass spectrometer. Its operation is very similar to the spectrometer described in Ref. 31 , in particular similar ion production and trapping settings were used, but it makes use of a conceptually different ion extraction / mass analyzing strategy. The h spectrometer, which more efficiently com pulsed laser experiments on the thermalized ions at defined tem description of this instrument will be part of a separate publication.
IV. Results and Discussion

A. N 2 H 7 + : PES and Vibrational Ground State
A two-dimensional cut of the 6D PES along the proton transfer coordinate z and the N-N distance R with other coordinates fixed at transition state, i.e., θ 1 = θ 2 =111.7°and x=y=0, is shown in Figure 3a . The PES exhibits two minima at R=2.83 Å, which correspond to two equivalent C 3v configurations in which the central proton is n state at a sli barrier height for the fully relaxed surface is 267 cm -1 , which increase to 353 cm -1 when the CCSD(T)/aug-cc-pVTZ energies (at the MP2/ aug-cc-pVTZ geometries) are used.
Independent on the level of quantum chemistry (see also Ref. 9 ) the barrier is rather low particular, it lies below the zero point energy.
of the 6D vibrational ground state yields the reduced probability density shown in Figure 3b . The most notable feature is that this function has a single maximum at the Ref. 12 .
( Excitation of the ν z fundamental is predicted to be the most intense transition, which expected, because the displacement of the shared proton along the N-N atom axis produces a large dipole os m the symm
However, combined excitation of the symmetric and antisymmetric stretching mod allowed, whenever an odd number of quanta of the anti ic stretching mode is involved. Indeed, excited states, corresponding to the 1+1 (713 cm ), 1+2 (1002 cm ) and 1+3 (1306 cm -1 ) combinations of the ν z +ν R modes, are predicted to have non-zero intensities (7b) es is dipole symmetr -1 -1 (see Table 2 ).
( Figure 4)
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The reduced density of the 110000 , 000100 , 100000 , and 000010 wave functions is shown in Figure 4 . It is interesting to note that the probability density corresponding to the shared proton stretching motion ( 100000 ) Figure 6 ). However, peak a' together with another, weaker feature at 444 cm -1 (a'') may also suggest a progression in a low frequency mode (~35 cm -1 ), indicating efficient coupling of th ν z mode to a low frequency wagging mode, which is calculated at 34 cm -1 within the harmonic approximation. These wagging modes were not included in the 6D re an assignment of features a' and a'' will have to wait until higher dimensionality calculations become available.
The spectrum shown in the right part of In summary, the fundamental of the shared proton antisymmetric stretching mode in N 2 H 7 + has been observed for the first time. In comparison to the previously reported 4D
calculations, the present 6D model yields an improved description of this transition, as well as of the fundamentals of the antisymmetric umbrella and the shared proton bending mo the other hand, the description of the combined excitation of the antisymmetric and symmetr shared proton stretching modes deteriorates, spotlighting the limitations of the 6D mo e IRMPD s ficiently couple to the stretching motion. Thus, these modes should be included improved model, at least until a full dimensional description of the vibrational spectroscopy of N 2 H 7 + becomes possible.
C. Larger Protonated Ammonia Clusters: NH 4 + (NH 3 ) 2-4
The experimental IRMPD spectra of cooled NH 4 + (NH 3 ) n clusters with n=2-4 are shown in Figure 6 (left panel). Loss of a single ammonia molecule is the main dissociation channel fo all clusters studied here. The dominant absorption peak found between 1100 and 1200 cm progressively red-shifted with increasing cluster size. The second most intense feature is a group of bands centered around 1500 cm -1 whose overall width decreases with cluste Our IRMPD ed recently by Tono et al. 15 for n=3 and n=4. These latter spectra were measured for ions with an internal temperature >200 K under single photon absorption conditions. The change in the overall widths of the groups of bands around 1500 cm -1 is qualitatively reproduced by the MP2 calculations. As noted before we do not consider the harmonic approximation to yield sufficiently accurate results and therefore will not assign individual peaks in the spectrum. However, in view of the previous work by Tono et al. 15 (for n=3,4; spectra included in Fig. 6 Table 2 . The black bars reflect the dipole-allowed transition energies and intensities from the 6D model calculations (see Table 2 ). 
